stereoscopic distortion and meridional disparity, instead of units like degrees of AFPP rotation per percent angular-size difference. 8 The stereoscopic distortions represented here are based on the combined data shown in Figs. 8 and 9, plus combined data for a subexperiment employing a meridional angular disparity of +6.4%. These graphs are similar to those published by Ogle for the induced effect, yet Figs. 10 and 11 are for disparities introduced in the vertical, horizontal, and several intervening meridians. Further investigation of stereoscopic distortions caused by addition of meridional disparities is indicated. Perhaps the terms "geometric effect" and "induced effect" will give way to a more unified understanding of the process of stereopsis.
'K. N. Ogle, "Induced Size Effect. 1. A New Phenomenon in Binocular Space Perception Associated With the Relative Sizes of the Images of the Two Eyes," Arch. Ophth. 20, 604-623, (1938) .
2 Apparent Frontoparallel Plane: a surface containing the point of fixation and all other points judged by the observer to be equidistant from his frontal plane. 3K. N. Ogle, (Ref. 1, p. 622) . 40cular image is a term used by Ogle to describe some neural correlate which lies at a higher level in the visual pathway than the retinal stimulus pattern. 5Objective Frontoparallel Plane: a surface containing the point of fixation and all other points which are equidistant from the frontal plane. 6In Where R is large relative to D, the DR term is negligible, thus 7t = ADIR2, D/IJF = sina, 7t = A(JF sina)/R2, in radians, (radians X 206 265 = seconds of arc). 7 T. N. Cornsweet, "The staircase method in psychophysics," Am. J.
Psychol. 75(3), [485] [486] [487] [488] [489] [490] [491] 1962 . 8Because Ogle's tilting plane targets were composed of many dots, it is not possible to analyze stereoscopic distortions in terms of angular disparity: It is not possible to know which pairs of dots are being compared in establishing the stereoscopic location of the tilting plane.
The duration necessary to detect chromatic stimuli was measured for wavelengths between 463 and 620 nm. Stimuli were presented either in hue substitution (replacement of white by a chromatic stimulus of matched luminance) or as increments. Two observers viewed a 1' 45' homogeneous white field. A trial consisted of replacement of the central 40' of the field by a chromatic stimulus. In substitution mode the white field was 2.4 cd/M2n; the chromatic replacement was of matched luminance using heterochromatic flicker photometry (HFP). In increment mode, the white field was decreased to 1.2 cd/m'; the chromatic replacement remained at 2.4 cd/M2. In substitution mode, duration threshold varied from approximately 3-4 ms for the spectral extremes to 45-66 ms at 570 nm. Detected stimuli were always seen as a change in chromaticity. In increment mode, thresholds were in the 2-4 ms range with no dependence upon spectral composition. Detected stimuli were seen either as changes in chromaticity or brightness. A control experiment indicated that HFP did establish equivalent luminance for the hue substitution mode. We conclude that duration thresholds in substitution mode reveal chromatic processing channels; duration thresholds in increment mode are mediated by chromatic and/or achromatic processing channels.
In recent years, studies from our laboratory have emphasized the use of the hue substitution technique to investigate temporal and spatial processing of brief chromatic stimuli. [1] [2] [3] [4] [5] With this technique, a chromatic stimulus replaces pointfor-point a portion of a homogeneous white field. For hue substitution, the stimulus is matched in luminance to the homogeneous white, so that no luminance transients occur during stimulus presentation. If the chromatic stimulus is made different in luminance from the homogeneous white field, luminance transients accompany stimulus presentation; this procedure is called an increment (decrement) mode. For all experimental conditions reported here, there is a substitution of a colorimetrically pure component for a portion of the white background. Stimuli in increment mode, therefore, have a calorimetric purity of unity; in this they differ from conventional chromatic increment threshold experiments on white backgrounds where colorimetric purity depends on the relative luminances of increment and background (being always less than unity).
Chromatic stimuli in increment mode show no effect of spectral composition for perception of temporal order, 1 ' 2 simple reaction time, or two-pulse resolution. 4 Chromatic stimuli in substitution mode show large effects of spectral composition for these measures of temporal processing. In these studies, the chromatic stimuli were suprathreshold and the criterion task involved a temporal discrimination or speeded response to a stimulus presentation.
This report describes studies concerning the duration necessary to detect chromatic stimuli presented in substitution or increment mode. For the first experiment, hue substitution was defined by equating lights for luminance by heterochromatic flicker photometry (HFP); the second was a control experiment which was designed to evaluate the adequacy of the flicker photometric definition of equivalent luminance for defining hue substitution for the duration threshold paradigm.
METHOD

Observers
Two of the authors (RWB and DTL) served as observers. Each has normal vision with corrective lenses and normal color vision.
Apparatus
The apparatus and its modification have been described. Substitution was accomplished by exchanging chromatic light (passing through the open shutter) for achromatic light (reflecting off the closed shutter blades). Source images for both channels were coplanar with the shutter blades. Verification that the substitution was artifact-free was obtained both by inspection of the waveform at the time of transition (using the photodiode and oscilloscope) and by visual inspection of the field with substitution of isomeric lights.
Experimental conditions
Test wavelengths of 510, 530, 550, 570, 590, and 620 nm were produced by Ditric three-cavity narrow-band interference filters. The 463-nm test light (excitation purity, 0.95) was produced with a Chance broad-band filter. The achromatic background had chromaticity coordinates of x = 0.3091, y = 0.3387. Colorimetric calibrations were previously described. 4 For Experiment 1, the chromatic stimulus was 2.4 cd/M 2 ; the homogeneous white background field was 2.4 cd/M 2 under hue substitution conditions and 1.2 cd/M 2 in the increment mode (0.3 neutral density was added to the achromatic field to create a two-fold luminance increment).
Luminance matches between test wavelengths and the achromatic background field were made at 2.4 cd/M 2 using heterochromatic flicker photometry at alternation rates of 8-11 Hz.
In Experiment 2, to evaluate whether flicker photometric luminance matches were the appropriate defining functions for hue substitution, we conducted a series of threshold determinations for stimuli at the heterochromatic flicker match and for stimuli which closely bracketed the flicker matches. Chromatic stimuli were presented at 2.81, 2.4, and 2.04 cd/M 2 , i.e. including incremental or decremental stimuli of 0.07 log unit from the heterochromatic flicker match.
Procedure
After three minutes of light adaptation to the achromatic field, heterochromatic flicker photometry was performed for each wavelength to be used in that session. Duration thresholds were then determined using a double random staircase (five reversals on each staircase) with a 2-ms step size. For Experiment 1 duration thresholds are the averages of 20 reversals obtained over two separate sessions; wavelength and mode (substitution or increment) were presented in varied order. For Experiment 2 duration thresholds are averages of 10 reversals obtained in a single session; the order of data collection for each wavelength was substitution, decrement, increment. Wavelengths were presented in varied order.
RESULTS
Experiment 1
Duration thresholds as a function of wavelength ( Fig. 1 ) in substitution mode (open symbols) are least at the spectral extremes reaching a lower limit of 3-4 ms for the 620-nm stimulus and are greatest at 570 nm reaching an upper limit of 45-66 ms. The duration thresholds in increment mode (closed symbols) appear independent of wavelength 6 though the 620-nm increment gave the shortest duration threshold. Although we did not employ a formal procedure for evaluating color appearance, both observers reported that in the hue substitution mode, all detectable stimuli occurred as chromatic percepts. In increment mode, the detected stimuli sometimes appeared chromatic and sometimes achromatic.
Experiment 2
The results of Experiment 2 are shown in Table I . Detection thresholds are least (except for two points of RWB) when stimuli are presented as increments or decrements bracketing the HFP match than as substitution stimuli at the HFP match. A 0.07 log unit increment from the HFP match was more effective at reducing duration thresholds than a 0.07 decrement. For DTL, the 0.07 increment was almost sufficient to eliminate wavelength dependence. With a 0.07 decrement, wavelength dependence was present though reduced for both observers. Since the bracketing stimuli were detected with shorter presentation times, flicker photometric matches are appropriate for defining substitution at threshold.
DISCUSSION
Wavelength dependence in substitution mode appears related to the apparent saturation of spectral lights 4 ; there is no wavelength dependence in increment mode. In general, wavelength dependence of duration thresholds is similar to the form of wavelength dependence for two-pulse resolution, LLI particular, the duration threshold in the substitution mode for the short wavelength stimulus, 463 nm, was of comparable range to that for the 620 nm stimulus.
Graham and Hsia 7 found that for incremental stimuli at the foveal absolute threshold, individual stimuli may appear either achromatic or chromatic. For spectrally saturated lights, the energy requirement for a chromatic threshold is little more than that for the absolute threshold. In agreement with this observation is the similarity in the present experiment of increment and hue substitution duration thresholds for long and short wavelength lights. For 570-nm light, Graham and Hsia observed that the chromatic threshold required almost ten times more energy than the absolute threshold. The duration required to detect 570 nm was approximately ten times that required for the spectral extremes in the present study.
The logarithm of the ratio of chromatic and achromatic thresholds for Graham and Hsia's observers are compared with the logarithm of the ratio of duration thresholds in substitution mode to those for increment mode in Fig. 2 . The two sets of data show excellent correspondence in the wavelength dependence of threshold ratios.
8 Our technique provides a methodological refinement; the observer is presented with the same task, i.e. detection, for both substitution and increment stimuli. In the Graham and Hsia paradigm, the task was detection at absolute threshold and discrimination at the chromatic threshold. 7 Continuous line shows average and vertical bars the spread for two observers (data from Table 1 of Reference 7). Data points: Logarithm of the ratio of duration threshold for substitution (ts) to that for increment (ti) stimuli. Circles: RWB, squares: DTL.
King-Smith and Carden 9 proposed that the color of the test flash should be apparent at its detection threshold when chromatic neural channels mediate detection. We note that both observers reported that all detectable stimuli occurred as chromatic percepts in the substitution mode. Although the possibility remains that differential receptor transients at stimulus onset could determine discrimination thresholds in a suprathreshold task, such transients would not mediate chromatic perception at threshold. We conclude that duration thresholds in substitution mode reveal chromatic processing channels; duration thresholds in increment mode are mediated by chromatic and/or achromatic processing chan- 67, 1501-1507 (1977) . 5M. J. Nissen, and J. Pokorny, Wavelength effects on simple reaction time. Percept. and Psychophys. 22, 457-462 (1977) .
6 Duration thresholds for increments approached the shortest time we could present. Further, for these short times, the step size beenmn lnrge when expressed in relative energy terms. Although these factors may obscure a wavelength effect, we have noted in other tasks that time-dependent judgements in increment mode do not show wavelength dependence (Refs. 4 and 5). 7 C. H. Graham, and Y. Hsia, "Saturation and the foveal achromatic interval," J. Opt. Soc. Am. 59, 993-997 (1969) . 8 The correspondence of the two sets of data is somewhat fortuitous since it is in part determined by the size of the increment chosen (0.3 neutral density). With the assumption that the pulses are within critical duration, larger increments would displace the log (t 8 /ti) function vertically but would not change its shape. 9 P. E. King-Smith, and D. Carden, Luminance and opponent-color contributions to visual detection and adaptation and to temporal and spatial integration. J. Opt. Soc. Am. 66, 709-717 (1976) .
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A referee for this paper described an interesting alternative theoretical analysis of our data: "The authors' chromatic-achromatic channel interpretation is undermined by the existence of an alternative that is more economical and perhaps, more compelling. The central result is the poor sensitivity for chromatic substitution at wavelengths close to 570 nm. Such stimuli, unlike alf others tested, minimally stimulate the L and M cones and so their detection depends mainly or entirely on the S cones. These cones are known to have poor temporal resolution and poor sensitivity in the central fovea, and the central result may simply be a consequence of these properties of the S cones." This interpretation is not congruent with the foveal achromatic interval data of Graham and Hsia (which we show to have the same wavelength dependence as the hue-substitution data) since the activation (or lack of activation) of S cones cannot be invoked either for the achromatic or yellow percept for 570 nm light at or near absolute threshold. Adoption of the model leads to the untenable conclusion that 570 nm light activates the S cones at absolute threshold (where the percept is achromatic) but not at radiances one log unit or higher above absolute threshold (where .the percept is yellow). We consider the "achromatic channel" as a useful operational construct since nulling it by appropriate luminance equality allows investigation of a variety of spatio-temporal parameters of the "chromatic channels" (another operational construct).
The ability of color defectives to judge signal lights at sea Measures were made of the ability'of color-defective men to judge correctly the colors of navigation lights (red, green, or white) presented to them at night under realistic sea conditions. Eighty-one color-defective men were employed; they were categorized as to type and degree of defect using a battery of five color-vision tests. While the average performance of the color-defective men was considerably poorer than that of 24 color normals, there were large individual differences within each category of defect. Attempts to account for these differences in performance by variations in acuity, intelligence, and motivation failed. The extent to which the data can be accounted for by modern color-vision theory is discussed.
INTRODUCTION
Color coding is widely employed to facilitate the rapid transfer of information; consequently color-vision requirements exist for many occupations. Examples include railroad engineers, airplane pilots, and Naval line officers. Establishing the requirements for specific jobs can be done either theoreticallyl or empirically.
wide range of variations in degree of defect evidenced among the common color defectives. The largest group of color defectives are the anomalous trichromats, a category which accounts for nearly 70% of the defects among males in the U.S. These individuals have been the subject of many investigations all of which agree on the large individual differences found among anomalous trichromats. For example, variations among deuteranomalous extend from those with almost normal vision to those who are difficult to differentiate from
